Summary Total body bone density of adults from National Health and Nutrition Examination Survey (NHANES) 1999-2004 differed as expected for some groups (men>women and blacks>whites) but not others (whites>Mexican Americans). Cross-sectional age patterns in bone mineral density (BMD) of older adults differed at skeletal sites that varied by degree of weight-bearing.
Introduction
Total bone mineral density (BMD) from dual-energy X-ray absorptiometry (DXA) total body scans is routinely collected in body composition studies but rarely analyzed in detail [1] . These data provide a unique opportunity to assess differences in skeletal status between groups across the entire skeleton. Studies examining demographic patterns in total body BMD to date, however, have generally not included data for both sexes in multiple race/ethnic groups across a wide age range within the same study [2] [3] [4] [5] [6] [7] [8] [9] . Total body DXA scans were conducted for the first time in the National Health and Nutrition Examination Survey (NHANES) starting in 1999. The present study uses total body DXA data from NHANES 1999-2004 to examine bone density patterns in men and women aged 20 years and older from three race/ethnic groups: non-Hispanic whites, non-Hispanic blacks, and Mexican Americans. In addition, bone is responsive to mechanical loads [10] , and Frost [11] has proposed that osteoporosis is a disuse phenomenon in which bones adapt to decreased skeletal loading with age by remodeling to reduce their mass. In light of this possibility, demographic patterns in BMD and lean mass are also examined in the present study for selected skeletal subregions which vary in the degree of weight-bearing. Total BMD is not an appropriate surrogate for diagnosing osteoporosis or assessing fracture risk [12] because the relationship between total body BMD and fracture risk has not been adequately defined. Nonetheless, this information may be useful for generating hypotheses about age-, race-, and sex-specific differences in fracture risk in the population.
Materials and methods

Sample
Total body skeletal status was assessed using DXA data from the NHANES, which is conducted by the National Center for Health Statistics (NCHS), Centers for Disease Control and Prevention, to assess the health and nutritional status of a large representative cross-sectional sample of the noninstitutionalized, civilian US population. All procedures in NHANES 1999 NHANES -2004 were approved by the NCHS Institutional Review Board, and written informed consent was obtained from all subjects [13] .
Data were collected in NHANES 1999-2004 via household interviews and direct standardized physical examinations that were conducted in specially equipped mobile examination centers [13] . NHANES 1999 NHANES -2004 was designed to provide reliable estimates for three race/ ethnic groups: non-Hispanic whites (NHW), non-Hispanic blacks (NHB), and Mexican Americans (MA). Race and ethnicity were self-reported by the participants.
Respondents with missing total body DXA data were not a random subset of the eligible sample. 1 Specifically, the percentage of eligible participants with valid data decreased with increasing age (primarily due to an increase in implants such as pacemakers, stents, and hip replacements) and with increasing body mass index (primarily due to truncal adiposity which interfered with the ability to obtain valid measurements). To address this potential bias, multiple imputation of missing data for the total body and subregions was performed using a sequential regression multivariate imputation procedure, the details of which have been published elsewhere [14] . The regression models used to impute the data employed a large number of predictor variables, including DXA data for any nonmissing total body subregions, as well as demographic, socioeconomic, and geographic variables, anthropometric measurements, health indicators, dietary intake and medication use, blood test results, and variables related to the design of the NHANES sample. Data were multiply imputed for all sample persons in the eligible age range for this examination except pregnant women and those with limb amputations other than fingers or toes. The imputed values of a small number of respondents were found to vary greatly among the different imputed datasets. Review of the data for these participants showed that their values for all DXA variables, as well as their measured height and weight (important predictor variables in the imputation models), were missing and so had to be imputed. Because of the extreme variability of their imputed DXA data values, these respondents were not included in the present study.
The present study uses the total body DXA measurements for 13,091 adults aged 20 years and older with complete total body bone density data, including 3,049 with imputed values that were not highly variable (e.g., did not lack measurements of height, weight, and all DXA data, as described above). This represents 85% of the participants in this age range who were interviewed (n=15,332) and 92% of those who were interviewed and examined (n=14,213). Eight percent (n=1,122) of the examinee sample in this age range were not included in the present study because no DXA values were imputed for them due to their physiological state (pregnant women, amputees) or because they had highly variable imputed values. Of these, 772 were pregnant women, 46 were amputees, and 304 had highly variable imputed DXA values. 1 Participants were excluded from the DXA examination if they had a history of radiographic contrast material (barium) use in past 72 h, nuclear medicine studies in the past 3 days, weighed over 300 lb (selfreported), or were taller than 6 ft 5 in.; the latter two characteristics were related to physical limitations of the DXA table. Females were excluded if they had a positive pregnancy test or said they were pregnant at the time of the examination.
Variables
Total body scans were performed with Hologic QDR 4500A fan-beam densitometers (Hologic, Bedford, MA, USA) using DOS software version 8.26:a3*. Scanning was done in the fast mode. Details of the DXA examination protocol have been published elsewhere [15] . Each scan was reviewed and analyzed by the Department of Radiology of the University of California, San Francisco, using standard radiologic techniques and study-specific protocols developed for the NHANES. Hologic Discovery software version 12.1 was used to analyze all scans for total body scan variables.
BMD of the total body and four selected skeletal subregions (i.e., lumbar spine, pelvis, right leg, and left arm) were included in the present study: These subregions were chosen because they vary in the extent to which they are weight-bearing, from the pelvis to the leg to the lumbar spine to the arm, which is considered nonweight-bearing in this analysis. Since the right side is the dominant side in the majority of individuals [16] , the right leg and left arm were chosen to enhance the contrast between weight-bearing and nonweight-bearing sites.
Skeletal load is determined by muscle forces as well as by gravity from bearing weight [10] , so data on lean mass excluding fat mass and bone mineral content were also examined for the total body and for body subregions similar to those used to examine BMD. Specifically, lean mass data were available for the right leg and left arm. Lean mass for the pelvis was not available, however, so trunk lean mass was examined instead. The lean mass data were obtained using the same DXA instruments and procedures as described above.
An analysis of data from 608 respondents in NHANES who received two DXA scans was conducted to assess precision of the total body measurements. The root mean square coefficient of variation ranged from 1.1% to 3.9% for BMD and 1.5% to 3.5% for lean mass in these subregions.
Upper leg length measurements were included in the analyses of age patterns in BMD and lean mass in order to control for differences in body size. Upper leg length was measured as the distance between the inguinal crease (just below the anterior superior iliac spine) and the top of the patella [17] .
Statistical analysis
Analyses were conducted with PC-SAS (Version 9.1, SAS Institute, Cary NC, USA) and SUDAAN (Version 9.03, Research Triangle Institute, NC, USA). All analyses used sample weights and took into account the complex design of the survey and the multiple imputations in calculating statistical tests.
Means were age-standardized to the 2000 US Census. Linear regression was used to assess differences in means by age, sex, and race/ethnicity, as well as to assess interactions between BMD and these demographic characteristics. Linear regression was also used to compare the strength of the relationship between BMD and age at the different skeletal sites. Because the regression coefficients are based on variables that are measured on the same scale, a comparison of relative strength between the skeletal sites was made. For this analysis, the regression coefficients for age were calculated while adjusting for race/ethnicity or for race/ ethnicity and upper leg length for each skeletal subregion separately by sex. These coefficients were compared between subregions after first performing an analysis similar to a multiple analysis of variance in which the association between age and bone density was simultaneously assessed at the four different skeletal sites in order to account for within-and between-subjects correlations. This was done by restructuring the dataset to create a "skeletal site" variable (pelvis, left arm, right leg, lumbar spine) for each subject, and then testing whether an interaction term for "skeletal site"×age was significant using linear regression while also adjusting for race/ethnicity and leg length. This model was also used to determine significant differences between the individual skeletal sites when the interaction term indicated that the relationship between age and BMD differed significantly between sites.
Secondary analyses were performed to examine differences between race/ethnic groups within sex after excluding imputed data in order to assess whether including the imputed data (e.g., including individuals with more extreme values for body weight or body fat) influenced the observed patterns in BMD by race/ethnicity. Since inclusion of the imputed data did not influence these race/ethnic patterns, the patterns shown below include the imputed data.
Results
Age-standardized mean BMD by sex and race/ethnicity for adults aged 20 years and older is shown in Table 1 for the total body and the four selected skeletal subregions. Within race/ethnic group, age-adjusted mean BMD was significantly higher in men than women at all skeletal sites examined (p<0.05). Within sex groups, age-adjusted mean BMD also differed significantly between each of the three race/ethnic groups at all skeletal sites examined (p< 0.0001 for each comparison) with values being highest in NHB, intermediate in NHW, and lowest in MA. As illustrated with total body BMD in Fig. 1 , this race/ethnic pattern generally held in each decade of age. Specifically, NHB had significantly higher mean total body BMD than NHW or MA in every decade (p<0.02) in both sexes. NHW also had significantly higher mean total body BMD than MA in each decade (p<0.02), except for women under 50 years of age. Regression analyses for each skeletal site revealed that the pattern of mean BMD by age differed in those <50 years of age versus those 50 years and older. Specifically, the relationship of age and BMD was weak and variable in direction at the different sites in those aged <50 years (data not shown). As a result, subsequent analyses of age patterns were focused on age 50+ years only. Analyses for these older adults were done separately by sex because regression results indicated that the interaction of sex×age was significant at all skeletal sites (p<0.02). However, analyses were not done separately by race/ethnicity because the race×age interaction was not significant for any of the skeletal sites examined. Results were adjusted for effects of race/ethnicity by including it as an independent variable in the regression equation.
Mean BMD by decade in older adults at the different skeletal sites is shown separately by sex in Fig. 2 . Mean BMD was lower in each succeeding decade of age at all skeletal sites in both sexes except the lumbar spine in men. Table 2 provides a comparison of results for the regression of BMD on age in older adults after adjusting for race/ ethnicity or for race/ethnicity and leg length. The regression coefficients indicate that age was significantly negatively related to BMD of the total body, pelvis, right leg, and left arm in both sexes. Age was also significantly negatively related to lumbar spine BMD in women, but was significantly positively related to lumbar spine BMD in men.
The relative strength of the relationship between age and BMD, as reflected by the size of the regression coefficients in Table 2 , varied at the four skeletal subregions. The strongest relationship emerged for the pelvis where the regression coefficient was significantly more negative than those for the other sites examined in both sexes. The relationship between age and BMD at the right leg was also significantly more negative than that seen for the left arm in women, but not in men. The age-BMD relationship at the lumbar spine differed from that seen at the other subregions, being significantly weaker than that for the pelvis or leg in women and, as already noted, positive in direction in men. Adjusting for upper leg length tended to alter the magnitude of the regression coefficients for the four skeletal subregions, but did not affect the conclusions ( Table 2) .
Differences in the strength of the relationship between lean mass and age were also seen for the trunk, leg, and arm in both sexes ( Table 2 ). The relationship with age was negative at all three body subregions, but was significantly strongest for the trunk, followed by the leg, and weakest for the arm. Adjusting for upper leg length did not affect the conclusions.
Discussion
Our findings regarding differences in mean BMD for the total body and selected subregions in men versus women or in NHB versus NHW agree with previous studies [2, 4, 5, [18] [19] [20] and are also consistent with fracture differences observed for these groups [21] . However, BMD values among MA in NHANES 1999-2004 were lower than in NHW of the same age and sex at the different skeletal sites, which contrasts with findings for the proximal femur from NHANES III [19] . discrepancy. BMD differences between Hispanics and whites (when not adjusted for body size) have also varied in direction in community-based studies [2, 4, 5, 18] and, in some cases, have varied by skeletal site within studies. For example, Araujo et al. [2] reported lower femur BMD in older white men compared to Hispanic men, but found no difference in BMD between these groups at the total body, lumbar spine, or forearm. In contrast, Morton et al. [4] reported similar unadjusted BMD values in Hispanic and white women at the hip but lower values in Hispanic women at the lumbar spine and total body. Finally, Taaffe et al. [5] reported similar BMD in whites and Hispanics at the hip, spine, or total body prior to adjusting for height. The differences in BMD between age decades in older adults at the different skeletal sites were greater in women than men, which is consistent with longitudinal studies that have documented greater BMD loss with age in women than in men [22, 23] . Within sex, we did not find strong evidence for different age patterns in BMD between race/ ethnic groups. This agrees with findings reported previously for the proximal femur from NHANES III and from other cross-sectional studies [2, 19, 20] . There are few prospective data on ethnic differences in BMD change with age, and results have varied somewhat. For example, two longitudinal studies in elderly men and women showed lower rates of BMD loss from the hip in blacks when compared to Caucasians [24, 25] . A third longitudinal study suggested that ethnic differences in the rate of loss varied by age and skeletal site with white women having faster loss at the forearm than blacks at menopause but not in older age groups and no difference in spine BMD loss between races regardless of age [26] . To date, longitudinal data by race for the skeletal subregions examined in this study have not been published, so it is not known whether these sites show differential BMD loss by age between whites and blacks. We are also unaware of comparable longitudinal data comparing rates of BMD loss in Hispanics with other groups for any skeletal site. Each of the three longitudinal studies comparing BMD loss rates of blacks versus whites had some limitations. Depending on the study, the limitations included a relatively short time period (1.5-4 years) between measurements, a small sample size, use of different densitometers for measurements at different time points, or use of different time intervals between measures in the different race/ethnic groups. On the other hand, the cross-sectional age patterns presented in this study can suffer from cohort effects, and they have been shown to overestimate loss from some skeletal sites and underestimate loss from other sites when compared to longitudinal rates of BMD loss at those sites [22, 23] . Thus, the cross-sectional age patterns by race/ ethnicity seen in the present study should be interpreted with caution and need to be confirmed with longitudinal data. The strength of the cross-sectional relationship between age and BMD in older adults differed among the skeletal subregions examined in the present study. Of particular interest is that the relationship strength tended to follow the degree of weight-bearing. Specifically, the strongest relationships were observed for the pelvis, which differed from that seen at the leg as well as the arm in both sexes. The relationship at the right leg also differed from that seen at the arm in women, although not in men. Longitudinal data describing BMD loss at the pelvis and leg could not be located for comparison, but other cross-sectional studies have also reported greater decreases in BMD with age at the pelvis relative to other skeletal subregions in both sexes [3, 9] .
Finding a stronger negative relationship at these weightbearing sites is consistent with Frost's suggestion that osteoporotic fragility is a disuse phenomenon [11] . Melton et al. [10] found that declines in habitual skeletal loading were generally accompanied by reductions in bone strength indices at several skeletal sites. Loss of loading from gravitational, weight-bearing forces could contribute to lower skeletal loads with age. Both body weight and body mass index tend to decline with age in older adults [27] , as do physical activity levels [28] . The importance of weight-bearing in maintaining BMD at the pelvis and leg is also consistent with results from a study of BMD loss during spaceflight, as most of the total loss that occurred during the space missions examined came from these two sites [29] .
Changes in lean mass with age could also play a role in differences in the age-BMD relationships, since muscle forces also contribute to skeletal loads. Of particular interest is the consistency in the relative ranking of age patterns in lean mass (trunk>legs>arms) with the relative ranking of age patterns in BMD (pelvis>legs>arms) observed in the present study. These findings suggest that the loss of muscle forces on bone may be greatest in the pelvis, followed by the legs, and then the arms. The stronger negative relationship between lean mass and age in the leg than arm observed in our study is consistent with results from several longitudinal studies that have reported greater loss of lean mass from the leg than arm [30] [31] [32] . One of these longitudinal studies also found larger changes in trunk lean soft tissue than in the legs (−1.2% versus −0.8% in men and −0.6% versus −0.3% in women after 2 years) [30] . The differences between the trunk and legs in this longitudinal study were not tested statistically, but they appear consistent with the cross-sectional age patterns in lean mass observed in the present study.
Some caveats apply, however. For example, the trunk includes more skeletal regions than just the pelvis. In addition, trunk lean mass is not solely skeletal muscle. Magnetic resonance imaging data from a small sample of young adults suggest that skeletal muscle makes up a greater proportion of trunk tissue volume than visceral organs [33] , but it is not known whether this applies to older adults. It is also important to note that the age patterns in lean mass and BMD were not completely consistent in men: the age pattern in lean mass differed significantly between the arm and leg in men, whereas the age pattern in BMD did not. Age patterns in the present study are crosssectional and may not accurately reflect longitudinal lean mass loss. Finally, although Melton et al. [10] found some correspondence in age-related declines in bone strength and habitual loading, none of the loading variables tested explained >41% of the bone variation in bone strength in their cross-sectional study. Thus, skeletal loading may only partially explain the loss of bone with age.
The relationship between age and BMD at the lumbar spine also differed significantly from that seen at the other three subregions examined. In men, the association was positive in direction. In women, the association was negative but weaker than at the other skeletal sites. Other cross-sectional studies have also reported either no BMD loss or apparent BMD gain in men when based on anteriorposterior spine scans [3, 6] . Interpretation of age patterns in lumbar spine BMD is likely confounded by changes in the spine with age that mask BMD loss [34] . Indeed, Melton et al. [22] found substantial BMD loss at the lumbar spine with age when lateral spine scans were used to measure BMD, and the same observation has been made in studies based on quantitative computed tomography of the lumbar spine [35] .
Limitations of the present study include use of crosssectional data to describe changes with age and possible confounding in the observed age patterns by bone size. BMD is only partially corrected for bone size, so we also adjusted for leg length to reduce bone size confounding. However, it is not clear that this adjustment can effectively remove bone size effects for the different skeletal subregions considered. Other limitations include the potential for nonresponse bias in the sample and the exclusion of institutionalized people who may have lower BMD [36] from the survey sampling frame. Nonresponse bias due to refusal to participate in the physical examinations in NHANES is reduced by a nonresponse adjustment factor included in the calculation of the sample weights for use with examinee data. However, about 8% of the respondents aged 20 years and older who came to the exam centers lacked usable total body DXA data, and this nonresponse is not addressed by the sample weight adjustments. These were mostly pregnant women; a smaller number either had highly variable imputed DXA values or were amputees. Imputed values for those with missing DXA data were used in the present study (unless highly variable) to help reduce nonresponse bias by other factors, such as increasing age or body mass index.
In summary, total body DXA data from NHANES 1999-2004 offer the opportunity to examine bone density of the total body and skeletal subregions for a wide age range of adult men and women from several race/ethnic groups. Mean BMD of the total body and selected subregions varied in expected ways for some demographic characteristics (men>-women and NHB>NHW) but not in others (NHW>MA). Differences in age-related patterns in BMD also emerged for some characteristics (sex) but not others (race/ethnicity). Differences in age patterns in BMD by degree of weightbearing in older adults were detected for the pelvis, leg, and arm. In women, the relationship differed between all three sites, (e.g., pelvis>right leg>left arm). In men, the relationship differed for the pelvis when compared to the leg or arm, but not between the arm and leg. Similar patterns seen for lean mass in these three skeletal subregions suggest muscle forces may play a role in BMD differences by age. Age patterns for the lumbar spine seen in the present study are likely confounded by degenerative changes in the spine with age that mask BMD loss when standard anterior-posterior DXA scans are used. Longitudinal data are needed to confirm the age patterns seen in this study.
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